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The generation of thin and high density plasma slabs at high repetition rate is a key issue for ultra-high
intensity laser applications. We present a scheme to create such plasma slabs, based on the propagation and
collision in a gas jet of two counter-propagating blast waves (BW). Each BW is launched by a sudden and
local heating induced by a nanosecond laser beam that propagates along the side of the jet. The resulting
cylindrical BW expands perpendicular to the beam. The shock front, bent by the gas jet density gradient,
pushes and compresses the plasma toward the jet center. By using two parallel ns laser beams, this scheme
enables to tailor independently two opposite sides of the jet, while avoiding the damage risks associated
with counterpropagating laser beams. A parametric study is performed using two and three dimensional
hydrodynamic, as well as kinetic simulations. The BWs bending combined with the collision in a stagnation
regime increases the density by more than 10 times and generates a very thin (down to few microns), near to
over-critical plasma slab with a high density contrast (> 100), and a lifetime of a few hundred picoseconds.
Two dimensional particle-in-cell simulations are used to study the influence of plasma tailoring on proton
acceleration by a high-intensity sub-picosecond laser pulse. Tailoring the plasma not only at the entrance but
also the exit side of the ps-pulse enhances the proton beam collimation, increases significantly the number of
high energy protons, as well as their maximum energy.
I. INTRODUCTION
With the advent of high-repetition rate ultra-high
power lasers, new applications have emerged, some of
which requiring the use of very dense and thin plasma
slabs. Among them we find transient plasma photonic
crystals1,2 that are considered as a promising solution to
overcome the limitations caused by the damage thresh-
old of solid-state optical materials when manipulating
the next generation ultra-high-power lasers. Another ex-
ample is the production of femtosecond MeV electron
bunches by single-cycle laser pulses3, which could be an
attractive solution for ultrafast imaging or femtosecond
x-ray generation. The generation of high energy ion
beams from laser-induced Collisionless Shock Accelera-
tion (CSA)4–8 is an additional application of major in-
terest and is the one we will focus on in this paper. Typi-
cally these applications require a plasma slab with thick-
ness < 100 µm, sharp gradients (< 10 µm), and tunable
density (1020-1021 cm−3), and that could be operated at
high-repetition rates (> 10 Hz). Such a device is very
challenging to produce, and several schemes have been
recently proposed/tested, particularly in the context of
a)jean-raphael.marques@polytechnique.fr
ion-acceleration by lasers, where the ion beam character-
istics strongly depend on the plasma density gradients.
Up to now, laser-produced ion beams have been mostly
generated via the target normal sheath acceleration
(TNSA) mechanism7,9. This mechanism is very ro-
bust, but requires solid targets which can be unprac-
tical for applications at high repetition rate and in a
debris free environment. Lately, other advanced accel-
eration schemes have been proposed and studied. One
that can be fully explored with current laser intensities
(1019 − 1021 W/cm2) is the CSA. It relies on acceler-
ating ions through reflection from a moving shock wave
in a plasma of electron density ne close to the critical
density nc for the driving laser (nc = ω
2
0me0/e
2, ω0
the laser frequency, 0 the vacuum permitivity, me and
e the electron mass and charge). Such densities can be
achieved with gas jets, that can be operated at high rep-
etition rates (> 1 kHz), are debris free, and produce high
purity ion beams. The efficiency of the acceleration pro-
cess(es) depends on different mechanisms associated with
the laser-plasma interaction at near-critical density, in-
cluding laser filamentation, electron heating, and beam
filamentation driven by fast return currents. The density
steepening on the front side of the target plays an impor-
tant role in launching a shock capable of reflecting the
slowly expanding background ions. Nevertheless, Fiuza
et al.10 also demonstrated that the quality of the acceler-
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2ated ion beam strongly depends on the density gradient
on the rear side of the target. To obtain a narrow energy
spread it is crucial to have a uniform shock velocity and
ion reflection, which implies a uniform electron temper-
ature profile, only achieved by a quick recirculation of
the heated electrons due to the space-charge fields at the
front and at the back of the target. Therefore, the target
thickness should be limited to: Ltarget < λ0(mi/me)
1/2.
Considering a hydrogen plasma and a λ0 = 1 µm laser
implies Ltarget < 40 µm, and therefore relatively sharp
gradients on both sides of the target. Other acceleration
schemes at near-critical density11–14 also require a sharp
density gradient at the rear side of the (thin) target. The
acceleration process usually occurs in a short scale length,
and once accelerated the dense ion-bunch may filament
while propagating through the residual plasma/gas be-
fore reaching vacuum15–17, which could degrade the final
spatial quality of the beam as well as its shot-to-shot
reproducibility. Suppressing/reducing this unnecessary
part of the target could thus be very beneficial.
Ion acceleration by CSA, in a gas jet steepened
at the entrance side of the driving beam, was first
demonstrated18–23 using CO2 lasers, the low critical den-
sity (nc ≈ 1019 cm−3) associated with their long wave-
length (λ0 = 10 µm) allowing to exploit regular-pressure,
mm-scale gas jets. In these experiments, the laser pulse
was a macro-pulse composed of several picosecond (ps)
pulses. At the entrance of the gas jet the first pulses
steepen the density gradient, so that the following pulses
interact with a step-like density profile. This drives an
electrostatic shock that reflects the ions, producing col-
limated proton beams with peaked energy spectrum and
maximum energy of ≈ 20 MeV. For a better control of
this density step, Tresca et al.22 used a single, low en-
ergy CO2 ps-laser prepulse to drive a blast-wave (BW)
inside the gas target, that generates the density gradient
before the arrival of the collinear main ps-pulse24. For
long density profiles (≥ 40 µm) broadband beams were
produced, while for shorter plasma length (≤ 20 µm)
the energy spectrum was peaked and much narrower. Y.
Chen et al.23 obtained similar results, but with a BW
produced via a low energy nanosecond (ns) laser impact-
ing a solid target placed at the entrance side of the gas
jet.
Experiments using more widespread solid state ps-
lasers (λ0 ≈ 1µm, nc ≈ 1021 cm−3) have been performed
using high-pressure gas jets25–27, or exploded µm-size
solid foils28,29. The plasma profile at the entrance side of
the ps-pulse was pre-shaped by a nanosecond (ns) low-
energy prepulse, allowing to explore the transition from
TNSA to low density CSA. The number of accelerated
protons was substantially higher (∼ 104×) than in ex-
periments with CO2 lasers conducted at lower density
and smaller vector potential of the laser field.
Ion acceleration from a gas jet tailored both on its
front and rear sides has been performed by Helle et
al.30. Two counter-propagating hydrodynamic shock
fronts were generated in a H2 jet by laser ablating two
opposite sides of the nozzle. At the intersection of these
two BWs a ∼ 10-fold local density enhancement is gener-
ated with sharp (∼ 30 µm) gradients, allowing to reach
near-critical density on a ∼ 70 µm thickness. An ul-
traintense 800 nm, 50 fs laser pulse was then focused on
this gas ”wall”. At ne = 0.6nc a wide-angle, low-energy
beam typical of TNSA is observed, while at ne = 0.3nc a
more focused beam with a high-energy halo is produced,
attributed to Magnetic Vortex Acceleration (MVA)11.
In order to tailor the gas jet, the hydrodynamic shock
can be generated by laser-ablation of a solid target near
the gas31, or by a ns heating-laser directly focused in
the gas and collinear with the main ps laser beam24,26,32.
With the first method, the density is locally increased at
the shock location, but the density profile behind and in
front of the shock is weakly modified. With the second
method, the heated region quickly expands, forming an
evacuated cavity behind the shock front that significantly
reduces the plasma density at the jet entrance. This of-
fers the strong advantage of preserving the quality (in-
tensity) of the main pulse before its arrival on the steep
density gradient, increasing the efficiency of the accelera-
tion process. In addition this method can be used at high
repetition rate without damaging the nozzle and without
debris production. However, this method is difficult to
realize experimentally for tailoring the density profile at
the target rear side since it implies a counter propagating
laser that could damage the laser chain, and makes more
complicated the implementation of ion-beam diagnostics
along the axis of the main laser, where the more energetic
ions are expected.
To overcome this difficulties, we propose a new tai-
loring method based on a narrow gas jet coupled with
two ns heating-lasers that propagate perpendicular to the
main ps-laser pulse. This scheme can be implemented at
high repetition rate, in a debris free environment. Using
present high-density gas jets33, it allows the creation of
a thin (∼ 10 µm) plasma slab of adjustable density up
to 2× 1022 cm−3. The first part of this paper presents a
study, based on hydrodynamic and on ion Fokker-Planck
simulations, of this plasma tailoring method. In the sec-
ond part, using kinetic (particle in cells) simulations, we
explore the influence of the plasma shape on the produc-
tion of high energy proton beams.
II. THIN OVER-CRITICAL PLASMA PRODUCTION
The principle of the tailoring method is illustrated in
Figure 1. It is based on the use of a narrow, gaussian-like
radial profile gas jet, coupled with two ns heating-lasers
that propagate parallel to each other, and perpendicular
to the main ps-laser. Both ns-beams are focused in the
gas jet, one at the entrance side of the ps-beam, the other
at the exit side. The ns-pulses are synchronized, and sent
into the gas jet before the ps-pulse.
The sudden ionization and heating induced by each
ns-beam generate a hydrodynamic shock that expels the
3FIG. 1. Principle of the plasma tailoring. a)-c): side view
(from y-axis) of the gas jet (blue column), that exits the noz-
zle along the z axis; d)-f) top view (from z-axis). The two
synchronized, ns-beams (red) propagate parallel to the y axis,
on both sides (x-axis) of the gas jet. The sudden laser-heating
of the plasma induces steep density fronts (a,d) that propagate
out of the laser axis as BWs (b,e). The collision of two BWs
at the center of the gas jet (c,d) produces a sharp gradient,
thin, high-density plasma.
plasma from the high intensity regions and produces a
BW. In the post-shock region (behind the BW) the den-
sity is reduced, while a steep density profile is generated
at the shock front, with a density increased by a factor
(γ + 1)/(γ − 1), where γ is the heat capacity ratio of the
gas. For a H2 gas γ = 1.4, the density at the shock front
is 6 times the background density. The absolute ampli-
tude of this density peak is increasing for the front part
that propagates toward the inside of the gas jet, while the
rest disappears in the surrounding vacuum, leading to a
step-like plasma profile. One can thus tailor at will the
front, the rear, or both sides of the jet before the arrival of
a driving ps-laser (for example for proton acceleration).
The two counter-propagating BW collide at the jet cen-
ter, leading to an increase of the central density by more
than an order-magnitude, together with a reduction of
the density in the vicinity of the sharp gradient(s). This
scheme can be implemented at high repetition rate, in a
debris free design. Using present high-density gas jets33,
it allows the creation of a thin (∼ 10 µm) plasma slab
of adjustable density up to 2 × 1022 cm−3. The typical
lifetime of this transient target is ∼ 100 ps, hence the
synchronization with the ps-pulse is easy to perform.
To study the influence of the gas jet and laser pa-
rameters on the production of this thin transient plasma
target, simulations were performed with the radiation-
hydrodynamics code TROLL34, an arbitrary Lagrangian-
Eulerian two- (2D) and three-dimensional (3D) radia-
tion hydrodynamic code, with a ray-tracing package de-
scribing the laser propagation. Since many simulations
are needed to explore our parameter space (laser en-
ergy and position, gas jet density and profile), and be-
cause supersonic gas jets have a gradient length along
the jet axis (z in Fig. 1) much longer than the ra-
dial gradient, we use a 2D geometry, in cartesian co-
ordinates (x − y plane). The simulation box is 1 mm
× 1 mm. The gas column is at the center of the box
(x = 0, y = 0) and corresponds to a supersonic hydrogen
gas jet used in a previous experiment26,33, with a radial
profile ne0(r) = n0/(1+[r/r0]
2), where r0 = 70 µm. The
gas is described using a perfect gas equation of state.
Since hydrogen is very quickly ionized, we impose a full
ionization at the beginning of the simulation. However,
in order to prevent an early gas jet expansion, we im-
pose an initial temperature of 300 K. Each heating-beam
propagates along the y-axis at a distance ±∆x from the
jet center, and is focused at y = 0 in a Gaussian focal
spot of 15 µm (full width at half maximum, FWHM), has
a wavelength of 1 µm (corresponding to a critical density
nc = 10
21 cm−3), a Gaussian temporal profile of FWHM
= 0.4 ns, with its maximum at t = 0.7 ns.
A. Tailoring from a single beam
1. General behavior
An example of plasma tailoring with only one beam is
presented in figure 2. The laser and plasma parameters
are detailed in the figure caption. The 2D spatial profiles
of the electron temperature Te (top graphs) and density
ne (bottom graphs) are shown at 3 times. The Rayleigh
length of the laser is relatively long, zR ∼ 250 µm, lead-
ing to a homogeneous heating of the plasma along the
propagation axis (y). The thermal pressure associated
with this sudden heating rapidly expels transversely (x-
axis) the plasma from the high-intensity regions, driving
a hydrodynamic shock. The bottom row shows that the
shock front starts near the laser axis, and propagates to-
ward the gas jet center, where the amplitude of the den-
sity perturbation reaches its maximum, nfronte ∼ 5nc,
close to the factor 6 expected for an adiabatic compres-
sion. Despite the homogeneous energy deposition along
the laser axis, the shock propagates faster at the edge of
the gas jet than in its center (y = 0), bending its front
during its propagation, and leading to the bow shape ob-
served at t = 1.3 ns. This velocity difference is induced
by the density profile of the gas jet: the velocity of the
shockwave is higher in the lower density regions of the
gas jet31. Notice that in the temperature profile at t =
0.3 ns one can also see that despite the much lower den-
sity at the edge of the gas jet (ne(r = ∆x) ∼ 0.07nc),
the laser beam is slightly deflected by the density gradi-
ent. In the context of proton acceleration by a driving
ps-pulse, this illustrates the importance of reducing as
much as possible the plasma density in front of the sharp
density gradient.
The energy absorbed in the plasma is ∼ 240 mJ, which
is only 0.47 % of the incident one. It corresponds to the
heating of the plasma column by inverse bremsstrahlung
absorption: centered on the laser axis, this column has
4FIG. 2. 2D-profiles of Te (top graphs) and ne (bottom graphs)
at 3 different times (left to right), for a H2 gas jet tailored by a
single ns-beam propagating along y-axis at x = -250 µm and
focused at y = 0 µm (red arrow). The initial peak density
is n0 = nc, the orange curve in the bottom-left graph is the
normalized profile at y = 0. The incident laser energy is 50 J
(Imax = 4.6× 1016 W/cm2).
a density ne ∼ 7× 1019 cm−3, a length of 1 mm (size of
the simulation box along y), a radius of ∼ 100 µm (Fig.
2), and is heated to ∼ 700 eV. Such a heated volume
has an energy of ∼ 250 mJ, in good agreement with the
absorbed energy.
Line-outs of the electron and ion temperatures (Te and
Ti respectively) and density profiles at t=1.3 ns (when the
shock front reaches the jet center) are shown in figure 3.
Notice that not only the initial peak density is increased
by a factor ∼ 5, but the pedestal of the density profile
on the sharp gradient side (x < 0) is also significantly
reduced. In addition, the plasma temperature in this
region is relatively high (100s eV), which reduces the in-
verse bremsstrahlung coefficient and thus the absorption
that could undergo a driving ps-pulse for proton accelera-
tion. This perpendicular tailoring technique can produce
density profiles quite similar to those obtained from the
scheme based on a low-energy prepulse collinear to the
main driving beam24,26,32, it completely decouples the
tailoring ns-beam from the driving ps-beam, and offers
another parameter of adjustment, the ”impact parame-
ter” ∆x.
The evolution of the relative density perturbation
ne/ne0 is presented in figure 4. Due to the velocity dis-
persion of the shock front in the background density pro-
file, the front moving downward the density gradient (left
in Fig. 4) accelerates and becomes broader and weaker,
while the front moving upward slows down and becomes
continuously sharper and stronger, until the maximum
compression value is reached, ne/ne0 = (γ + 1)/(γ − 1).
The position, as a function of time, of the shock front
that propagates toward the jet center is presented in fig-
ure 5. After the laser pulse maximum, when most of
the energy transfer from the laser to the plasma has oc-
curred (see following), the shock front is clearly formed
and has left the heated region (see figures 2 and 4), the
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FIG. 3. Profiles of density (ne/nc, violet curve) and tempera-
ture (Te: orange curve; Ti: green curve) obtained from Fig. 2
at y = 0 and t = 1.3 ns. The red curve is the normalized pro-
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FIG. 4. Evolution of the relative density perturbation ne/n0,
at y = 0. The red curve is the normalized profile of the laser
focal spot. From same simulation than Fig. 2.
evolution of the shock front is similar to the well known
Sedov-Taylor solution for an adiabatic blast wave35–38.
This solution describes a shock-wave in which energy, mo-
mentum and mass behind the shock front are conserved,
causing the initial energy of the wave to be spread over
an increasingly larger volume, resulting in a blast wave
radius that varies with time as:
rBW (t) = ζ(γ, α)
(
E0
ρ
) 1
2+α
t
2
2+α (1)
where α is the dimensionality of the shock (α=1, 2, 3 for,
respectively, a planar, cylindrical, or spherical shock), E0
is the energy released, ρ the mass density of the ambient
medium (ρ = Ampne/Z; Z, A, the ion charge state, and
mass number, andmp the proton mass, respectively), and
ζ(γ, α) a constant close to one (ζ=0.98 for H2 and cylin-
drical expansion). The curves in Fig. 5 are fits of the sim-
ulations points for t ≥ 0.7 ns (after the laser pulse maxi-
mum), using the expansion law given by Eq. 1, with α =
5-250
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FIG. 5. Position of the shock-front versus time, at y = 0.
The curves are fits of the front position for t ≥ 0.7 ns (after
the laser pulse maximum) using the expansion law given by
Eq. 1 with α = 1 (green curve), 2 (blue-dash curve) and 3
(orange-dash-dot). The black dash-dot curve is the normalized
temporal profile of the laser. From same simulation than Fig.
2.
1 (green line), 2 (blue-dashed line) and 3 (orange-dotted
line). The Rayleigh length of the ns-beam is zR ∼ 250
µm, so that the high-intensity region covers the entire
length of the gas jet (along the y-axis in Fig. 2). In a
real 3D-geometry, since zR is larger than the gas jet ra-
dius, the expansion would be cylindrical (rfront ∝ t1/2),
centered on the laser axis. However, due to the 2D pla-
nar geometry of the present simulations, the shock front
follows a planar expansion law, xfront ∝ t2/3 (green line).
2. Dependence on the incident laser energy
The amplitude and the velocity of the BW depend on
energy released E0 (Eq. 1), which in turn depends on
the plasma heating by the laser, and thus on the incident
laser energy EL. This one needs to be high enough to
quickly heat the plasma and generate a strong hydrody-
namic shock. In the laser-plasma conditions of Fig. 2
(n0/nc = 1, ∆x = 250 µm), the maximum compression
factor at the shock front, nfronte /ne, is ∼ 3 at EL ∼ 0.5
J, reaches ∼ 4 at EL ∼ 5 J, and ”stabilizes” to a peak
value of 5 for EL > 10 J, which is close to the maximum
value (γ + 1)/(γ − 1) ∼ 6 for adiabatic compression of
H2. In figure 6 the dependence on the laser energy, of
Te and of the factor β that governs the BW expansion,
r(t) = βt2/3 (Eq. 1), are shown. As expected, the larger
EL, the is larger the energy deposition Eabs, and thus
Te. More energy is transferred to the BW, that expands
faster. This transfer is however not linear: in the present
case, Te grows like E
0.30
L , and β increases like E
0.12
L . A
change of the laser energy by an order of magnitude only
changes the expansion rate by a factor 1.3. Amplitude
and velocity of the BW are thus weakly dependent on the
laser energy, making this tailoring scheme very robust to
the laser fluctuations.
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E
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L (J). As in Fig. 2, the initial peak density is n0/nc = 1,
and the laser propagates along ∆x = 250 µm.
3. Dependence on the initial plasma density
Figure 7 presents, for three different initial plasma den-
sities (n0/nc = 1/10, 1/5, and 1/2), the spatial profiles
of the electron temperature at the laser pulse maximum
(t = 0.7 ns, top row), and of the electron density when the
shock arrives at the jet center (t = 1.4 ns, bottom row).
The initial laser conditions are slightly different from sim-
ulation in Fig. 2: the laser beam is set closer to the gas
jet (∆x = -200 µm) and has a two times lower energy (25
J). The top graphs show that the larger the initial plasma
density n0, the hotter is the plasma. At the maximum
of the laser (t = 0.7 ns), Te(y = 0) ∼ 479(n0/nc)1/3, and
at the laser exit (y = 1 mm) the total energy transferred
to the plasma is Eabs(mJ)∼ 120(n0/nc)3/2. Neverthe-
less, the bottom graphs show that despite an expected
larger energy E0 transferred to the BW, the velocity of
the shock front is weakly modified: the gas jet center is
reached at almost the same time (t ∼ 1.4 ns) for these
three initial densities. This is the consequence of the term
ρ−1 in Eq. 1, that counter-balances part of the increase of
E0. Assuming E0 ∝ Eabs, the shock front should globally
evolve like n
1/6
0 in the planar geometry of these simula-
tions, and like n
1/8
0 in a real 3D configuration. Figure 8
shows the evolution of the longitudinal position x of the
shock front, at y = 0, for the three initial densities n0
of Fig. 7. Similarly to Fig. 5, the propagation of the
front in the core of the gas jet follows the expansion law
of a BW given by Eq. 1 (with α = 1). It also illustrates
a weak dependence on n0: the expansion coefficient of
the fits follows 183.4(n0/nc)
0.063 µm.ns−2/3, a power law
even weaker than expected (assuming E0 ∝ Eabs).
As previously shown, the velocity of the shock front
at y = 0 weakly depends on n0 (the background gas jet
6FIG. 7. 2D-profiles of Te (top graphs) and ne (bottom graphs)
at 3 different densities (n0), for a H2 gas jet. The ns-beam
propagates at ∆x = −200µm (red arrow) and has an energy
of 25 J (Imax = 2.3× 1016 W/cm2). Te profiles are taken at
t = 0.7 ns (laser pulse maximum), ne profiles at t = 1.4 ns
(shock front at the jet center).
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density). However, the bottom graphs in Fig. 7 show,
as Fig. 2, a bow shape of the front when it reaches the
center of the gas jet. This difference in behavior comes
from the homogeneous energy deposition along the laser
axis, so that E0 is ∼ constant along the y-axis (x =
−200), and it is only the density profile (ρ in Eq. 1)
that drives the velocity of the shock front, leading to a
faster expansion on the edge of the gas jet, where the
density is lower and has a smoother gradient. Figure 9
shows lineouts of Te along the laser axis, at two densities
(n0/nc = 1/10 and 1/2), and at t = 0.2, 0.4, and 0.7 ns
(laser maximum). While the laser intensity IL and the
plasma density are ∼ 2 times lower at y = ±250 µm, the
temperature profile becomes rapidly homogeneous along
the laser axis: the bremsstrahlung absorption coefficient
is proportional to T
−3/2
e , leading to a ”saturation” of
the heating in the high intensity regions. The simulation
FIG. 9. Line-outs of Te along the laser axis y (x = -200 µm)
of the simulations in Fig. 7, for n0/nc = 1/10 and 1/2, and
at t = 0.2, 0.4, and 0.7 ns (laser maximum). The red and
gray curves are respectively the normalized profiles of the laser
and the gas jet.
results presented in Fig. 6 show that T peake evolves like
I0.3L , in good agreement with profiles shown in Fig. 9.
To summarize, the choice of the initial density n0
(backing pressure of the gas jet), has almost no effect on
the compression factor at the shock front, nfronte /ne0 ∼
(γ + 1)/(γ − 1), nor its spatial profile (bow shape), and
only increases linearly the absolute peak density. These
conclusions are only valid in the absence of strong beam
refraction, which could occur if the ns-beam propagates
in a high density region, at small ∆x or too high n0.
Dependence of the plasma tailoring on the initial po-
sition ∆x of the laser is presented later in section II B 2.
4. Plasma profile at late times
Figure 10 shows the evolution of the density profile
when the shock front overcomes the gas jet center. Once
the shock front reaches the down ramp, it broadens along
x, while the peak density remains almost at the same
level, as can be observed on the line-outs in Fig. 11. The
plasma thickness increases by almost a factor 10 while the
peak density only decreases from nc to 0.65nc, and still
with relatively sharp gradients. This is the result of the
bow shape evolution that tends to transversally (y-axis)
compress the plasma from the gas jet edge toward the
propagation axis (x-axis). This happens thanks to the
(cylindrical) shock that is excited all along the laser axis,
while the gas jet radius is smaller than the laser Rayleigh
length. In the case of the previously studied schemes
based on an axial plasma shaping26,32,39, the shock starts
from (or close to) the gas jet center, and the spherical
expansion does not offer a transverse compression of the
shock. With perpendicular plasma tailoring, the induced
transverse compression offers a way to produce near- or
over-critical plasmas of adjustable thickness.
7FIG. 10. 2D-profiles of ne at three consequent times (left to
right). From the simulation in Fig. 7 at n0 = nc/5.
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FIG. 11. Line-outs of the plasma electron density profiles ob-
tained from the same simulation as in Fig. 10 at y = 0. The
black curve is the normalized profile of the laser focal spot.
The black-dashed line is the initial density profile. From the
simulation in Fig. 10
B. Tailoring both sides of the gas jet
1. General behavior
In the quest of producing the thin and dense plasma
slabs with very steep gradients required for numerous
applications such as proton acceleration, tailoring the
plasma from two opposite sides appears as a promis-
ing solution. To preserve the main driving beam from
detrimental effects such as filamentation, refraction, ab-
sorption, it is essential to reduce as much as possible the
plasma wings in front of the density gradient. However,
the compression factor associated to a single BW cannot
be larger than (γ + 1)/(γ − 1), corresponding to 6 for
H2 and 4 for He. A possible way to increase this com-
pression factor is to collide two blast waves. For a given
required peak density this allows reducing the initial den-
sity n0, and thus the wing level, by at least a factor two,
and possibly more if the collision occurs in a regime of
stagnation.
An example of plasma tailoring by two parallel ns-
beams is presented in figure 12. The initial density is
n0/nc = 1, the laser parameters of each beam are the
same as in Fig. 7 and 10, and the beams propagate on
both sides of the gas jet, at ∆x = ± 200 µm from the
jet center. Two counterpropagting BW are generated si-
FIG. 12. 2D density profiles at different times, for a plasma
tailored by two parallel ns-beams. The initial density is n0/nc
= 1, and the laser parameters are the same as in Fig. 7 and
10. The two beams propagate at ∆x = ±200 µm from the jet
center (red arrows).
multaneously, each with an amplitude quickly reaching
∼ 5-6 times the local density.
At the beginning of the BWs generation, t=0.3 ns in
Fig. 12, due to the high initial density (ne ∼ 0.07nc at
the laser axis), the ns-beams are deflected on the density
gradient of the edge of the gas jet, leading to BW fronts
initially tilted. However, the angle between the two fronts
reduces along their propagation. Due to the bow shape
of BWs, their collision at x = 0 starts at t = 0.8-0.9 ns
from the edges of the BWs’ fronts, y ∼ −200µm. The
central parts (y = 0) of the shock fronts collide at t =
1.2 ns, producing a plasma of near-rectangular shape of
∼ 10-20 µm thickness (x-axis) and ∼ 100 µm width (y-
axis). This transient plasma has very sharp gradients on
both sides, and a high peak density of ∼ 15 nc. Such
a value is impossible to reach by tailoring plasma by a
single laser beam.
At later times (after the jet center is reached), in the
case of a single BW, as discussed previously (Fig. 10
and 11), the central high-density plasma becomes rapidly
thicker and continues its motion toward the other side
of the gas jet. In the case of two counter-propagating
BWs, Fig. 12 shows that, the (fast traveling) edges of the
BWs (|y| > 100 µm) quickly interpenetrate and continue
their opposite motions toward the other side of the jet,
while the collision near x = 0 lasts much longer, resulting
in a high-density region that stagnates. In the laser-
plasma conditions considered in these simulations, the
velocity of the BW along the x-axis is ∼ 100 µm/ns, so
that the typical duration of the collision, the lifetime of
the sharp-gradient transient plasma, is a few hundred of
picoseconds.
8FIG. 13. 2D density profiles at different times, for the two
beams propagating at ∆x = ±100 µm from the jet center (red
arrows). Same laser-plasma parameters than in Fig. 12.
FIG. 14. 2D density profiles at the collision time of the two
BWs, for three distances ∆x of the ns-beams from the jet cen-
ter (red arrows). Same laser-plasma parameters than in Fig.
12.
2. Influence of the distance between the two lasers
Figure 13 presents a case where the two ns-beams prop-
agate at ∆x = ±100µm. Since the laser beams propa-
gate in the core of the gas jet, they undergo a strong
refraction, leading to initially very tilted shock fronts. A
relatively flat density profile at the collision point is nev-
ertheless generated (t = 0.6 ns). However, the density
reduction in the wings of the gas jet is less efficient than
for ∆x = ±200 µm (Fig. 12). The plasma compression
is also less efficient, n ∼ 5n0, and lasts for a shorter time.
The velocity of the BW at a distance r from its origin
can be retrieved from Eq. 1:
vBW (r) =
2
2 + α
ζ(γ, α)(2+α)/2
(
E0
ρ
)1/2
r−α/2 (2)
The farther is the BW from its origin, the slower it
propagates. In the case of Fig. 13, the collision of the
BWs occurs close to their starting points, with high ve-
locities (∼ 200 µm/ns). They quickly interpenetrate, and
the central thin-plasma quickly expands and decreases in
density.
Figure 15 shows the evolution of the compression fac-
tor nfront/ne at y = 0, during the propagation of the
BWs, for different positions ∆x of the laser beams. For
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FIG. 15. Evolution of the compression factor nfront/ne at y =
0, during the propagation of the BWs, for different positions
∆x of the laser beams. The black-dashed curve shows the laser
pulse temporal profile. The laser parameters are the same as
in Fig. 12, the initial density is n0/nc = 1.
each curve the peak occurs when the two BWs collide (at
x = 0). For small values of ∆x, the maximum compres-
sion of the BW before collision is close to the maximum
value (γ+1)/(γ−1) ∼ 6 expected for H2. When ∆x is in-
creased, the beams propagate in a lower density plasma,
the energy deposition is lower, resulting in a slightly lower
maximum compression of each BW (∼ 4 for ∆x = 350
µm). At the BWs collision, the compression factor is
multiplied by almost a factor 4 (nfront/ne ∼ 18). The
larger ∆x, the longer the BWs have traveled before their
collision, and the slower are their respective velocities
(Eq. 2). This increases the duration of the collision: for
a compression factor > 10, it increases from 50 ps for
∆x = 150 µm to 180 ps for ∆x = 300 µm, and then it
remains approximatively constant for ∆x = 350 µm. For
∆x ≥ 400 µm, the energy deposition is too low and the
BWs do not collide and are reflected before reaching the
jet center.
Line-outs of the density profiles at the collision time,
obtained for different position ∆x of the ns-beams, are
presented in figure 16. In the ∆x = 100 µm case, the
expulsion of the plasma induced by the BW occurs in a
dense part of the gas jet, and the time elapsed before
the collision is too short to allow an efficient digging of
the density profile, resulting in a relatively high density
(∼ 0.1nc) large plateau (∼ 200 µm) in front of the colli-
sion zone, and a relatively low final compression (∼ 7.5).
In contrast, the ∆x = 350 µm case shows an efficient
expulsion of the plasma and compression toward the col-
lision zone. The thin, sharp gradient, transient plasma is
denser (∼ 18n0) and, since the BWs collide at slower ve-
locities, lasts longer. As shown in Fig. 15, for ∆x = 400
µm the two BWs never reach the center of the gas jet and
are reflected before colliding (the red curve corresponds
to the time (4.0 ns) at which the BWs are the closest to
the jet center, at later times the BWs motion is reversed).
For ∆x ≥ 200 µm, as refraction of the beams is weak,
changing the initial density n0 (backing pressure of the
9FIG. 16. Lineouts of the density profiles at y = 0, at the time
of the BW collisions, and for different positions ∆x of the
lasers to the jet center. The black-dashed curve is the initial
density profile. The inset in the right-top corner is a zoom of
the central region, in linear scale. The laser parameters are
the same than in Fig. 7, 10, and 12.
FIG. 17. Evolution of the density (left) and temperature
(right) perturbations in the transverse direction (along x) at
y = 0, for the case ∆x = 350 µm of Fig. 14-16. The inset in
the left graph is a zoom near the collision of the BWs.
gas jet) from n0/nc = 1 to n0/nc = 1/10 does not mod-
ify the shape of the density profile obtained at the BWs
collision (Fig. 16), but only its peak amplitude, as previ-
ously shown in the case of the tailoring by a single beam
(Fig. 7).
The propagation of the density and temperature per-
turbations along the x-axis (at y = 0) is presented in
figure 17 and figure 18 for the case for the case ∆x =
350 µm and 400 µm respectively. As shown in Fig. 15,
the two counterpropagating BWs propagate toward x =
0 and heat the plasma at their front. In the case ∆x =
400 µm, the two BWs never reach the jet center: close
to t = 4 ns they are reflected before colliding. In the
case ∆x = 350 µm the initial energy in the BWs is large
enough to allow them to reach the jet center and collide
(at t ∼ 2.8 ns). The resulting high-density sharp-gradient
low-temperature plasma is preserved during at least 1 ns,
suggesting a stagnation process.
Lineouts of the density profiles at different times after
the BWs collision are presented in figure 19 for the case
∆x = 350 µm. At the collision time, t = 2.8 ns, the
plasma is very thin, FWHM ∼ 5 µm. The black-dashed
FIG. 18. Same as Fig. 17 for the case ∆x = 400 µm. The
inset in the left graph is a zoom showing that the BWs are
reflected before reaching the jet center, and thus do not col-
lide/interpenetrate.
FIG. 19. Lineouts of the density profiles at y = 0, at times
after the BWs collision (t = 2.8 ns), for the case ∆x = 350
µm of Fig. 16-17. Given the symmetry of the profile, the
density is represented in logarithmic scale on the left side, and
in linear scale on the right side (with a zoom along the x-axis).
The black curve is the initial density profile, the black-dashed
curve is a fit of the profile at t = 2.8 ns.
line shows a fit of this profile, indicating that a very
small gradient length (< 17.4 µm) is obtained on more
than 2 orders of magnitude. After 100 ps, the plasma
is two times larger while its density has only decreased
by 20-25 %. From t = 3 ns to 3.6 ns, the maximum
compression factor stagnates at ∼ 10, while the plasma
width increases by more than a factor 6. As discussed
at the end of section II A, this is a consequence of the
bow shape evolution that tends to transversally (y-axis)
compress the plasma from the gas jet edge toward the
propagation axis (x-axis). This can be been observed in
Fig. 12 at times after the collision, t > 1.2 ns. Despite
this increase in width, the plasma wings remain at a rel-
atively low density, preserving the high contrast of the
plasma profile (left scale in Fig. 19). By choosing the
time after the BWs collision, it is thus possible to pro-
duce a high-density steep-gradient plasma of adjustable
thickness.
The dependence of the initial plasma temperature (Te)
and of the factor β that governs the ensued BW expan-
sion (velocity) is presented in figure 20 as a function of
∆x. At large ∆x, the beams propagate in the low density
wing of the gas jet, resulting in a low energy deposition
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FIG. 20. Dependence on the position ∆x of the laser beams.
Red, left scale: peak value of Te (reached on the laser axis,
at the pulse maximum). Blue, right scale: factor β of the
radial expansion r(t) = βt2/3. For each set of (Te,β) points
are reported, in grey values the absorbed laser energy Eabs in
the plasma, and in dark-orange values the plasma density at
the laser position. The laser parameters are the same as in
figures 7, 10, and 12, the initial density is n0/nc = 1.
Eabs and a low heating. However, since β depends on
the ratio E0/ρ (Eq. 1 and 2), it increases with ∆x, up
to a position where the plasma density is so low that the
energy deposition becomes too small to excite a strong
hydrodynamic shock. In the present case, the inflexion
point is at ∆x ∼ 300 µm, which is more than 4 times
the radius of the gas jet. From ∆x = 200 to 400 µm,
the expansion coefficient β varies by less than 10 %. The
plasma dynamics at the collision point depends on the
relative velocity of the two BWs (see below). To tend to-
ward a stagnation regime, the velocity of the BWs needs
to be low. At the collision point it is given by Eq. 2,
with r = ∆x. The term E0/ρ is proportional to β, which
weakly depends on ∆x, but also weakly on the laser en-
ergy EL (see discussion above). The most efficient way
to reduce the relative velocity of the BWs is thus through
the term r−α/2, that is by increasing the distance before
collision, and thus ∆x. This is possible up to a value
of ∆x for which the initial energy of the BW becomes
too small to compensate the slowing down induced by
the density gradient of the background plasma (gas jet
profile). This is what happens in the case ∆x = 400 µm
where the initial energy of the BWs is low, the maximum
compression of each BW does not exceed ∼ 3, and their
motion is stopped before reaching the plasma center, pre-
venting their collision or interpenetration.
3. Influence of the initial density profile of the gas jet
The initial density profile of the gas jet is also a cru-
cial parameter. This is illustrated in figure 21 where the
width of the gas jet is ∼ 400 µm (FWHM), instead of
140µm in the previously presented cases. A comparison
of the evolution of the density profile (at y = 0) for two
FIG. 21. 2D density profiles at different times, for an initially
broad gas jet (FWHM ∼ 400µm). The ns-beams propagate at
∆x = ±250 µm, and n0/nc = 1.
FIG. 22. Line-outs of the density profiles at y = 0, at different
times, and for two initial density profiles: FWHM = 400 µm
(left), 140 µm (right). The lasers propagate at ∆x = ±250
µm, the initial peak density is n0/nc = 1.
types of initial profile is shown in figure 22. With the
broader profile, the higher density along the laser axis
leads to a ∼ 2 times higher plasma temperature (Te ∼ 1
keV), and higher velocities of the BWs. In addition, each
laser beam independently undergoes a strong refraction
and filamentation, leading to asymmetric BWs. The con-
sequences are a lower compression in each BW and a less
efficient collision, producing a broader and asymmetric
plasma of lower density, ∼ 3n0 (Fig. 22-right), a factor
∼ 4 compared with the case of the initially thinner gas
jet (Fig. 22-left). From Fig. 21 it follows that due to
the smoother density profile associated with this larger
width, the BWs do not develop a bow shape.
4. Influence of the type of gas
The initial hydrodynamic shock and the BW properties
also depend on the type of gas, through the heat capac-
ity ratio γ, the atomic number Z and the mass mi of the
ions that define the bremsstrahlung absorption, the hy-
drodynamic compression, and the BW velocity (Eq. 2)37.
Figure 23 presents 2D density profiles obtained using a
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FIG. 23. 2D density profiles at different times, for a Helium
plasma. The initial density is n0/nc = 1, the spatial profile
is the same than in Fig. 2 to 16. The two 25 J ns-beams
propagate at ∆x = ±250 µm from the jet center (red arrows).
Helium gas (γ = 5/3). The other parameters are the
same as for simulation in Fig. 22-left: the beams prop-
agate at ∆ = ±250 µm, and the gas jet has a narrow
profile (FWHM = 140 µm) with an initial peak density
of n0/nc = 1. Compared to hydrogen, the larger Z of
Helium increases the laser absorption: Eabs = 250 mJ
and Te ∼ 800 eV, while Eabs = 140 mJ and Te ∼ 500
eV for H2. Nevertheless, the larger mass density ρ (for
a given ne) and the lower γ lead to weaker and broader
shock fronts. The BWs collision produces much lower
peak density, ∼ 1.8n0, with much weaker gradients.
The conclusions on the efficiency of the plasma expul-
sion versus ∆x, the initial density profile, or the type of
gas also apply to the plasma tailoring by a single beam
discussed in section II A.
C. Blast-wave collision in a three-dimensional geometry
Using planar TROLL simulations, we have explored
the physics and the key parameters involved in the laser-
produced hydrodynamic shocks, and the ensued plasma
tailoring by the BWs. However, even if a supersonic gas
jet is relatively homogeneous along the gas flow (z in our
referential), in the present scheme the laser beams are
perpendicular to the jet and have a cylindrical geome-
try, making the propagation and collision of the BWs a
three-dimensional process (see Fig. 1). In particular, the
velocities and the shape of the colliding BW fronts might
affect the efficiency of the plasma tailoring, in terms of
maximum compression (density), size, and uniformity.
To estimate such effects, three-dimensional simulations
were performed. Even if TROLL can also be run in a
3D geometry, for practical reasons, such as avoiding un-
wanted mesh deformations - and guided by the relative
simplicity of the set up, we use the 3D Eulerian hydro-
dynamic code HERA40,41. This code is well suited for
multi-dimensional hydrodynamic shock simulations, but
is not a radiation hydrodynamic code. We mimic the
laser energy deposition by imposing, on the background
electron temperature, an initial localized electron tem-
perature perturbation in a form a cylinder, correspond-
ing to the laser propagation volume. For simplicity, the
electron temperature has only a radial dependence cor-
FIG. 24. 2D projections of the plasma density extracted from
a 3D HERA simulation. Graphs a)-c) are the density profiles
in the x-y plane at z = 0, and d)-f) the profiles in the x-z
plane at y = 0. The initial heating axis are at ∆x = ±250
µm and z = 0. The initial peak density is n0/nc = 1.
responding to the laser focal spot used in TROLL. This
initial condition is sufficient to launch a BW. Adding a
temporal shape to this electron temperature profile (re-
producing the laser pulse) gives similar results. The gas
jet has a cylindrical geometry, with a constant profile
along the z-axis, and the same radial profile in the x− y
plane as in TROLL simulations (FWHM = 140 µm).
Two-dimensional maps of the plasma density extracted
from a 3D HERA simulation are presented in figure 24
at different times, for the case ∆x = 250 µm - n0/nc =
1 presented in Fig. 14. Figures 24-a)-c) are the maps in
the x − y plane. They are very similar to the TROLL
2D-simulations, showing the same bow shape distortion,
BW collision, resulting in a very similar final compression
(n/n0 ∼ 14). The collision occurs at t = 2 ns, slightly
later than in the TROLL simulation (1.6 ns). Figures 24-
d)-f) show the evolution of the BWs in the perpendicular
plane x−z. The expansion has a cylindrical shape. How-
ever, while the expansion starts from the laser axis, the
propagation along the x-axis quickly shows (Fig. 24-d))
a non-symmetric behavior: the velocity of the BW de-
creases when it encounters a larger density (toward the
jet center), while it increases when the density becomes
lower (away from the jet center). This effect also con-
tributes to the bow shape observed in the x− y plane.
Evolution of the position and amplitude of the left BW
along the x and the z axes is presented in figure 25-
a), while the associated compression factors are shown
in Fig.25-b). Along the z-axis (at x = 250 µm, laser
position) the plasma density is constant, and the BW
follows a cylindrical expansion (∝ t1/2, green curve), as
expected. Its compression reaches n/n0 ∼ 5, close to the
maximum value expected for a hydrogen plasma. On the
x-axis, the density gradient modifies the BW expansion.
As already observed in Fig. 4, the shock front that travels
toward vacuum quickly expands, while the one that prop-
agates in a plasma of increasing density (gas jet center)
slows down42,43, with a time dependency very close to a
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FIG. 25. Evolution of a) the position and b) the amplitude of
the left-side BW (laser at x = -250 µm) of Fig. 24, along the
x and the z axis. The left scale is for the propagation along
the x-axis, the right scale for the z-axis. The dash-dot lines
are fits.
spherical expansion (∝ t2/5). The compression factor is
∼ 4-5, and reaches ∼ 12.5 at the BWs collision, slightly
smaller than from 2D-TROLL simulation (see Fig. 15,
n/nc ∼ 17), but with a slightly longer duration.
The 3D HERA simulations are in good qualitative and
quantitative agreement with the 2D TROLL simulations,
and confirm that the collision of the two BWs leads to
a thin, high-density sharp-edge plasma with a relatively
high density contrast.
We note here that, while the velocity of a shock wave
can be used to characterize the flow of a gas44, in all the
present simulations, the velocity of the gas flow is not
taken into account. This is justified in our conditions
since the velocity of the BW is ∼ 100 times faster than
the supersonic gas flow (∼ 1-2 km/s), so that the mod-
ification of the BW structure by the supersonic flow is
negligible31.
D. Kinetic effects in the collision of the blast waves
The 3D HERA simulations confirm that the present
tailoring scheme allows producing thin and dense tran-
sient plasmas with sharp density gradients. The 2D
TROLL simulations also indicated that increasing the
laser distance ∆x tends to reduce the velocity of the
BWs at the collision point, increasing the resulting peak
density, as well as generating a long-lasting high-density
plasma after the beginning of the collision (Fig. 15, ∆x
= 350 µm, t > 3 ns). This could be the signature of a
stagnation regime, where the interaction of the BWs is
dominated by collisions between ionic species from each
of the opposing plasmas. Such a regime occurs when the
ion–ion mean-free path, λii, is of the order or smaller
than the typical dimensions of the system, the character-
istic length of the plasma density gradients L = n/∇n.
When λii >> L the two plasmas interpenetrate, the col-
lision is short and the resulting high-density plasma has
a short lifetime. In opposite, the regime of ”hard stag-
nation” where λii << L, no interpenetration occurs and
the two plasmas will decelerate rapidly through ion-ion
collisions45,46.
The ion–ion mean-free path of two counterstreaming
ion beams is:
λii =
(
4pi20
e4
)
m2i v
4
12
Z4niΛ12
(3)
where 0 is the vacuum permittivity, e the electron
charge, ni = ne/Z the ion density of a single ion beam,
v12 the relative speed of the two ion beams, and Λ12
the Coulomb logarithm for counterstreaming ions in the
presence of warm electrons (see Appendix B in47 for the
expression of Λ12).
The relative speed is twice the velocity of a single BW
at the collision point, v12 = 2vBW (x=0). For ∆x = 200-
350 µm, the 2D TROLL simulations give v12 ∼ 120-220
µm/ns. Since the gas jet(plasma) has not been heated
before the arrival of the BW, the electron temperature
at the density front is very low, typically Te ∼ 5-20 eV.
Just before the collision, the two BWs have a density
peak of the order of (γ + 1)/(γ − 1) ∼ 5-6 n0. With n0
between nc/10 and nc, this leads to λii between 3 and 400
nm, smaller than the gradient length of the system (L >
few microns). The collision is thus expected to lead to a
stagnation phase, where the kinetic energy of the flows
is progressively transformed into thermal energy. The
regime of stagnation could be of interest to increase the
lifetime of the transient high density plasma. In case of
hard stagnation, the peak density might also be higher.
To evaluate the relevance of hydrodynamic single-fluid
simulations and consequently the post-collision phase,
we performed kinetic simulations using the ionic mono-
dimensional Fokker-Planck code FPion48–50 (1D in space,
3D in velocities). It is a hybrid code where the electrons
are treated as a fluid. The initial conditions in density
and temperatures are retrieved from TROLL simulations
at a time where the BWs are already generated, near the
plasma center and before their collision.
Figure 26 presents the evolution of the ion velocity
distributions of the two BWs in the collision region, in
the case ∆x = 350 µm and n0 = nc (figures. 14-17,
19). Before interacting (t = 2.6 ns), the BWs fronts have
Maxwellian distributions (vTi ∼ 31 µm/ns) with oppo-
site central velocities of |vx| ∼ 50 µm/ns. After 150 ps (t
= 2.75 ns) the two BWs have propagated ∼ 12 µm and
reached the plasma center, where they collide. After al-
most the same amount of time (125 ps, t = 2.875 ns), the
fronts of the BWs have covered only ∼ 4 µm, with veloc-
ity distributions that are still Gaussian-like, but with cen-
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FIG. 26. Ion velocity distribution fi(x, vx) from FPion sim-
ulations, in the case ∆x = ±350 µm and n0 = nc. The dis-
tribution is expressed in unit nc/v
3
Ti
, where vTi is the ion
thermal velocity for Ti = 10 eV. The simulation starts using
the TROLL outputs at t = 2.60 ns.
tral velocities significantly reduced by the collision (< 25
µm/ns). The collision has lead the plasma in a phase
of stagnation, as expected, since before collision λii ∼ 2
nm, i.e. much smaller than the characteristic length of
the plasma density gradients.
Another typical example of the evolution of the ion ve-
locity distributions is given in figure 27, at lower density,
n0 = nc/10, and for ∆x = 200, resulting in larger initial
velocities, |vx| ∼ 75 µm/ns, at only ∼ 6 µm from the
plasma center (Fig. 27 - t = 1.35 ns). After 50 ps (t
= 1.40 ns) the BWs collide. However, it takes 200 ps (t
= 1.65 ns) for the plasma fronts to cover an equivalent
distance (6 µm), and the average velocity is significantly
reduced (< 20 µm/ns). Here again, the plasma is in a
phase of stagnation, as expected from the ion-ion mean
free path: λii ∼ 80 nm.
The evolution of density profile obtained from FPion
is also in good agreement with the TROLL results. This
hybrid approach (kinetic for the ions, fluid for the elec-
trons) validates, in our conditions, the single fluid treat-
ment used in TROLL simulations, and confirms that for
large values of ∆x and/or low initial density, the collision
of the two BWs could lead to a plasma in a stagnation
phase, that increases the lifetime of the transient thin,
high-density and sharp-gradient plasma.
III. APPLICATION TO PROTON ACCELERATION
To study the acceleration process under different sce-
narios of plasma shaping, particle-in-cell (PIC) sim-
ulations were performed using the open-source code
Smilei51. The 2D TROLL hydrodynamics simulations at
a chosen time of the plasma evolution are used as input
FIG. 27. Ion velocity distribution from FPion simulations, in
the case ∆x = ±200 µm and n0 = nc/10. The simulation
starts using the TROLL outputs at t = 1.35 ns.
parameters: the spatial profiles of the electron and ion
densities and temperatures are interpolated on a carte-
sian domain of size 1000 µm (x-axis) × 60 µm (y-axis), in
cells of 60 nm × 75 nm respectively. Each cell contains
50 macro-particles, corresponding to a total number of
109 particles. The laser driving the proton acceleration
has a wavelength λ0 = 1 µm, a Gaussian temporal pro-
file of 1 ps duration (FHWM), and a Gaussian transverse
profile with a FWHM = 10 µm. Its polarization is linear
along the y-axis. The maximum normalized laser vector
potential is set to a0 = 0.6, corresponding to an intensity
of 5 × 1019 W/cm2. The vacuum focus is at the center
of the simulation box, which is also the position of the
peak of the plasma density profile (x = 0 and y=0 in the
above TROLL simulations). The time step is 0.06 fs, and
the simulation stops at t = 30 ps.
The purpose of this section is not to discuss the details
of the processes leading to proton acceleration, but only
to illustrate how plasma tailoring can improve the proton
beam quality. The interplay between the different accel-
eration mechanisms and their dependence on the plasma
tailoring scheme will be discussed in a forthcoming paper
devoted to the results of these PIC simulations.
The angular (θ) and kinetic energy (Ekin) distribution
of the accelerated protons in the gas jet, without any
plasma tailoring, is presented in figure 28, for two ini-
tial plasma peak densities, n0 = nc, and n0 = nc/10. In
the first case, the angular spectrum is strongly peaked at
90◦ from the laser axis. The energy spectrum is broad
and extend up to ∼ 15-20 MeV. The number of protons
accelerated along the laser axis is low, and their maxi-
mum energy is below 2 MeV. Without plasma tailoring,
due to the high density in the wings of the gas jet, the
growth rate of the filamentation instability is large and
breaks the laser beam before it could reach the peak of
the density profile. The protons are mainly accelerated
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FIG. 28. Angular (θ) and kinetic energy (Ekin) distribution
of the accelerated protons without plasma tailoring, for two
initial plasma peak densities, a) n0 = nc, and b) n0 = nc/10.
The density profile is the same than the one used in section
II: ne0(r) = n0/[1 + (r/r0)
2] with r0 = 70 µm, orange curve
in Fig. 2.
at the beginning of the laser propagation. For example,
the 15-20 MeV protons emitted at 90◦ are produced ∼
350 µm before the laser focus (and the density peak).
Fig. 28-b) shows that when the plasma density is re-
duced by a factor 10, a second component appears in
the angular distribution, at ∼ 70◦, and more protons are
accelerated between 10 and 20 MeV. More protons are
also accelerated along the laser axis, with a maximum
energy that increases to ∼ 4 MeV, while the backward
acceleration (θ > 90◦) is almost suppressed. A 10-fold re-
duction of the plasma density leads to less filamentation
of the laser, protons are accelerated all along its propa-
gation, but still mainly in the transverse direction. The
peak density is too low and the density gradient is too
smooth to allow the generation of a longitudinal electro-
static shock and an efficient acceleration.
The distribution of the accelerated protons obtained
from a plasma tailored at the entrance side of the ps-
laser is presented in figure 29, for two initial plasma den-
sities, n0 = nc, and n0 = nc/10. The density profiles are
those obtained from TROLL simulations in the case ∆x
= 250 µm and for the time where the BW is at the jet
center (similar, for n0 = nc, to the purple curve in Fig.
3). Compared to the case without tailoring, the trans-
verse acceleration (90 ◦) is reduced in benefit of forward
acceleration. For n0 = nc (Fig. 29-a)), the maximum
energy at (0◦) increases from 0.4 MeV (no tailoring) to
∼ 3.2 MeV. However, the global plasma density is too
high and the acceleration process is not very efficient.
For an initial density 10 times lower (Fig. 29-b)) the re-
sult is drastically different: the quality/intensity of the
laser beam is preserved up to the sharp and high density
(nc/2) plasma slab, significantly increasing the number
of high energy protons and their maximum energies: up
to ∼ 17 MeV at 0◦, and more than 40 MeV at 45◦. As in
the case without tailoring, reducing the density also sup-
presses the component in the backward direction (135◦).
The distribution of the accelerated protons obtained
from a plasma tailored at both the entrance and the exit
sides of the ps-laser is presented in figure 30, for two ini-
tial plasma peak densities, n0 = nc, and n0 = nc/10.
The density profile of the case n0 = nc is the one pre-
FIG. 29. Angular and kinetic energy distribution
of the accelerated protons obtained from a plasma
tailored at the entrance side of the ps-laser, for two ini-
tial plasma peak densities, a) n0 = nc , and b) n0 =
nc/10.
FIG. 30. Angular and kinetic energy distribution
of the accelerated protons obtained from a plasma
tailored at the entrance and the exit sides of the ps-laser, for
two initial plasma peak densities, a) n0 = nc, and b) n0 =
nc/10.
sented in Fig. 16 for ∆x = 250 µm - t = 1.6 ns - blue
curve. In that case, the peak density is too high (∼ 17 nc)
and in addition, despite the tailoring, the plasma density
in front of the sharp gradient is still large (0.03-0.1 nc),
the laser intensity profile is strongly perturbed, and the
acceleration process weakly efficient, leading mainly to
transverse acceleration with energies below 12 MeV.
At a lower initial density, n0 = nc/10 (Fig. 30-b)), as
observed for the single-side tailoring, the laser can prop-
agate up to the density peak (2nc), resulting in a much
more efficient acceleration. The maximum energy is ∼
similar to the single-side tailoring case, but the number
of protons accelerated to high energies is larger, together
with a much weaker 90◦ component, and a more efficient
acceleration along the laser axis, in terms of number of
protons as well as of maximum energy: up to ∼ 50 MeV
(3 times more).
Figure 31 presents the energy spectra dNp/dEkin at
θ = 0◦, 45◦ and 90◦ in the case n0 = nc/10, and for
the three types of plasma tailoring: none, entrance side,
both sides. Even if tailoring only the entrance side of the
plasma can lead to high energy protons, tailoring both
sides leads to a larger number of high energy protons
and a more collimated beam. At 0◦ protons reach up
to 50 MeV with a double-side tailoring, while tailoring
only the entrance side only gives 17 MeV. Let us also not
that in the case of double-side tailoring, the spectrum
at 0◦ presents several narrow peaks (at Ekin ∼ 4, 8, 15,
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FIG. 31. Energy spectra at θ = 0◦, 45◦ and 90◦ in the case
n0 = nc/10, and for the three types of plasma tailoring: none
(0 beam), entrance side (1 beam), both sides (2 beams). Ob-
tained by integrating the distribution d2Np/dθdEkin of Fig.
28-b), 29-b) and 30-b) in a ± 5◦ cone centered on the angle
of interest.
46 MeV), which could indicate that several acceleration
mechanism could operate at the same time.
By integrating on the energy the spectra in Fig. 31,
one can calculate the number of protons Np accelerated
above a defined energy Es. This is reported in Table I as
a function of Es. It shows that tailoring both sides of the
plasma density profile significantly increases the number
of high energy protons, in particular along the laser axis,
with for example Np = 2.7× 1011 protons above 15 MeV
at 0◦, more than a factor 10 compared to the case with
only the entrance side tailored. The ratio Np(0)/Np(45)
is also significantly increased: from 1.6% with 1 beam to
29 % with 2 beams.
The purpose of these PIC simulations is to illustrate
that tailoring the plasma on both sides allows to increase
the number of high energy protons as well as shifting
their angular distribution toward the laser axis. This last
effect is very important since the angular distribution
is symmetric around the laser axis (conical emission),
so that in order to collect as much protons as possible
one needs to reduce as much as possible the angle θ of
this cone. The results presented in section II show that
several parameters governs the plasma profile and can be
adjusted to optimize the proton beam, like for example
the timing between the ns tailoring-beams and the ps
pulse in order to adjust the length of the high density
region (Fig. 11 and 19), or the distance ∆x of the ns-
beam to optimize the contrast of the density gradient.
IV. CONCLUSIONS
Through multi-dimensional single-fluid hydrodynamic
as well as Fokker-Planck simulations, we have studied a
new scheme of plasma tailoring by lasers, that offers at-
tractive capabilities and can easily be implemented, since
it is based on a commonly used high-density narrow hy-
drogen gas jet coupled with widespread nanosecond laser
pulses. Compared to other schemes, the use of lasers
propagating along the sides of the jet (and not toward
its center) allows tailoring of both sides of the jet while
avoiding a counter-propagating geometry, which is often
Es(MeV ) # of beams Np(0
◦) Np(45◦) Np(90◦)
≥ 1 0 8 23 220
1 23 278 172
2 43 200 108
≥ 5 0 0 6 19
1 5 39 62
2 12.4 109 26
≥ 10 0 0 0 0
1 1.8 17 14.4
2 6.3 40 5.6
≥ 15 0 0 0 0
1 0.2 12.6 1.8
2 2.7 9.3 0.9
TABLE I. Number Np of protons accelerated above Es, as a
function of the number of beams tailoring the plasma, and
emitted at 0◦, 45◦ or 90◦. Np is obtained from the integration
of the spectra of Fig. 31 on Ekin = [Es,∞], and is expressed
in 1011 MeV−1.sr−1.
risky for the laser chain. It is thus possible to create a
thin plasma slab with a sharp gradient of high contrast
on both sides.
In the scenario of a single-side tailoring, compared to
methods using a laser focused at the jet center, that gen-
erate a spherical diverging BW, the present scheme leads
to a BW with a converging bow shape that compresses
the plasma from the side toward the center, which creates
a plasma slab of constant density but with a thickness
that increases with time, offering a possibility to adjust
the plasma width.
By tailoring both sides of the jet, the collision of the
BWs enables to increase (compared to a single-side tai-
loring) the peak density by a factor 2-3, while the stag-
nation regime reached at the collision point slows down
the plasma expansion, offering some adjustment on the
width of the plasma slab while preserving a high density.
In a range of at least one order of magnitude, the shape
of the final profile is almost independent on the initial
plasma density, so that the peak density can simply be
adjusted by the backing pressure of the gas jet. This
device is debris free and can answer the challenge of pro-
viding targets for high repetition rate laser facilities.
Since the laser is focused in a low density part, the
efficiency of the energy deposition is low (≤ few %), and
the BW generation requires more energy (few hundreds
of mJ) than schemes based on a laser focused at the jet
center or on a solid target placed at the edge of the jet.
However, once the BW is excited, its expansion weakly
depends on the laser energy, so that the position and ar-
rival time of the high-density peak are very robust to laser
fluctuations, including also the focal spot quality and
pointing stability. A possible way to reduce the required
laser energy could be the use of a jet of clusters52–54.
Using 2D-PIC simulations, the benefit that such a tar-
16
get could bring has been evaluated on the acceleration of
high energy protons by sub-ps high intensity laser. Com-
pared to steepening only the entrance side of the gas jet,
tailoring also the backside not only increases significantly
the total number of high energy protons and their max-
imum energy, but also shifts their angular distribution
toward the laser axis, which is crucial to produce colli-
mated proton beams usable for applications. Since the
proton acceleration mostly takes place near the plasma
front, reducing the amount of ”unused” plasma that the
proton beam has to cross before reaching vacuum could
also be of interest in order to avoid beam instabilities
that could deteriorate the beam quality.
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